Software for Bayesian Analysis: Current Status and Additional Needs 7 2
Prem K. Goel
The Ohio State University Columbus, Ohio 43210, U.S.A.
* 0. Abst4act
Wi-make an attempt to provide comprehensive information about the existing software for data analysis within the Bayesian paradigm. The paucity of programs seems to indicate that the Bayesian software available for widespread use is still in its infancy. We have a long way to go before a general purpose Bayesian Statistical Analysis Package is made available. Alternatives for reaching this goal quickly are presented in the concluding section.
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1.
Introduction.
-i -, The starting point for this article was the workshop on Bayesian Statistical Conzpv;.ng, which was held at The Ohio State University during May 1986 and attended by approximiately 40 people involved in statistical computing, Bayesian decision analysis and AL. We organized this workshop to assess the status of Bayesian analysis software. We believe that Bayesian methodology will be used routinely by a widespread group of data analysts and scientists if a user friendly, general purpose Bayesian Statistical Analysis Package was available which could be used for class room teaching as well as for experimental data analysis. The workshop featured eluven talks concerning various issues in computational Bayesian analysis and some applications, as well as an open forum on Bayesian computing. The two main issues were (1) desirable computing environments for Bayesian statistical analysis, and (2) potentials for a Bayesian software package. There were diverse points of view about the environment suitable for an interactive Bayesian statistical analysis package, although all the participants seemed to believe that wide-spread use of Bayesian methodology will not become a reality without such a package. An overwhelming majority agreed with the notion that it is too early to push for a new statistical package. Instead, we should strive for new Bayesian software to be compatible with a package like 'S ' ® , in order to use its data handling and graphics capabilities. Furthermore, it El was suggested that the Bayesian community should develop a 'Bayesian Bulletin Board'. which will provide news about Bayesian programs as they are developed, and a 'Bavesian Software Database' __......
which could be accessed for file transfers via popular computer networks. These t ask have not been initiated in any meaningful way. The information compiled in this article was provided by the individuals listed as contributors (within the parenthesis after the program name), in response to our survey questionnaire which was sent to approximately 450 Bayesian Statisticians and Econonetricians in January 1987. An updated SBIE mailing list along with some other lists were used to solicit this information. We have included all the responses. Thus the information is up-to-date as of April 1987. We believe that one large group of users of Bayesian methodology, namely engineers involved in risk assessment and reliability, have developed several special purpose programs which could be easily adapted for general reliability applications. However,we did not have access to any mailing list for this group, so the reliability programs listing can not be viewed as comprehensive.
One can view this article as an update of Press (1980) which listed Bayesian programs in existence at that time. If no updated information was recieved for a program listed in Press (1980) , we have not included it in this paper with the belief that the program has either been superseded or else is no longer available. On comparing this paper with Press (1980) , it is clear that impressive gains have been made in the developement of software for implementing Bayesian analysis paradigm for realistic specifications of prior information via approximations, numerical analysis, and Monte Carlo *integration.
On the other hand, so few responses to our request for information indicates that only a few people have devoted their energy for developing general purpose Bayesian analysis software. We believe that this must change quickly if we want to see the 'Bayesian 21st Century'.
The listing for programs in this paper follows the same general format as in Press (1980) . The software has been listed according to the following categories:
(i) CADA, a general purpose data monitor (Section 2) (ii) Regression modeling, Econometric modeling and Time Series methodology (Section 3) (iii) Computation/Approximation of Posterior distribution, moments, quantiles and mode (Section 4) (iv) Elicitation of prior information (Section 5)
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(v, 'eliability Analysis (Section 6) and (vi) Miscelleneous& (Section 7). In Section 8, we present our views on a quick development of a general purpose Bayesian Analysis Software Package.
2. CADA, a general purpose data analysis monitor.
Program Narne:
This monitor provides a conversational language for Bayesian analysis. It has gone through several updatings. The most recent version (1983) includes susbLantial enhancements over thV (1980) This is a user-oriented package for Bayesian inference and sensitivity analysis that pools prior beliefs about the regression coefficients with evidence embodied in a given data set. Prior beliets are assumed to be equivalent to a previous, but possibly fictitious data set. SEARCH offers a study of the sensitivity of the posterior estimates to changes in features of the prior beliefs expressed in terms of a fictitious data set. A collection of main program and subroutines carries out the Bayesian Analysis for ARMA time series models using natural conjugate priors as described in Monahan(1983) . Input:
Information not yet available Output:
Programs compute the posterior and predictive distribution of paramaters for a given set of ARMA models using the natural conjugate prior. The graphical displays can be obtained via SAS/GRAPH. .2 )'"fk %'~l"* %1 -N N' 1 1" ]% " "" "'" "" This beta test version ofNMAXENT provides fitting of an incompletely specified linear model of the form Y=X F, whe.e the data vector is ', the 'smearing matrix' X is known but does not have full rank and the elements of the vector F are non-negative and add to 1. The Maximum Entropy Principle, see Jaynes(1983) finds the solution to the above equation which maximizes t he entropy of the probability distribution F.
Input:
The program is interactive. One needs to decide the accurcy level for satisfying all the constraints. Output:
The optimal solution is obtained in an iterative mode. The output for each iteraration can be printed. The Bayes four system consists of a library of subroutines which is primarily intended for numerical computation of multiple integrals in interactive mode. The evaluation of the posterior distribution's features for a practical implementation of the Bayesian paradigm for up to 6 parameters using numerical integration procedures and upto 20 parameters using Monte Carlo integration. The gr library consists of subroutines for an interactive color graphics system which can be used to reconstruct and display outp-ut of the BAYES FOUR system, for reference, see Smith, Skene, Shaw, Naylor, and Dransfield(1985) . Input:
Solving an inference problem requires writing additional program code for specific problem which can call BAYES FOUR and gr subroutines.
Output:
The posterior moments and marginals can be evaluated by calling these menu driven subroutines. The gr package can be used to provide graphical displays of the univariate and bivariate marginal posterior densitieb and predictive densities from outputs of BAYES FOUR. Therefore some enhanced versions of these subroutine packages may be available soon.
(ii) For usage experience of this system on some interesting applied problems in pharmaceutical industry, see Racine, Grieve, Fluhler, and Smith (1986 Displays posterior means and posterior percentile curves for CDFs, hazard rate functions, or probability of failure(response) versus stress (dose) or time.
(References: Stewart, L. (1979, 83,85 Function: This BASIC subroutine performs algebraic manipulation and constructs the *expanded formula for use of approximating the ratio of two integrals, required in the evaluations of the posterior distribution's features, as discussed in Lindley(1980) . Input:
The program prompts for the number of parameters to be estimated. A menu driven program performs a prioi, assessment based on expert opinion or informed judgement for Weibull distributed life length data and the posterior analysis in a highly interactive manner, Singpurwalla(1986a) . It also allows the incorporation of the analyst's opinion on the expertise of the experts.
Input:
On-line data entry or use of menu option to store data in a file for a later use in the analysis. Output:
The program computes the marginal and joint posterior densities of the Wiebull parameters. The prior and posterior reliability functions for a specified time interval as well as distributions of reliability for specifed mission times can be computed. These quantities can be displayed in a tabular or 2-d/3-d graphics form or saved on disk. Poisson process with a Weibull intensity function in which the assessment of the prior information about the parameters is induced via an engineering model based on S-N curves, Singpurwalla(1986b) . The procedure is applied to the prediction of the number of defects due to fatigue in railroad tracks.
On-line data entry or use of menu option to store data in a file for a later use in the analysis.
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Output:
The program computes the marginal and joint posterior densities of the parameters in the Wiebull intensity function. The prior and posterior distribution of the number of defects due to fatigue over a time period is also computed. These quantities can be displayed in a tabular or 2-d/3-d graphics form or saved on disk. Programing language: IBM BASIC
Machines:
IBM PC or compatibles with math co-processor and graphics board. The existing enhanced version of the CADA monitor seems to be quite obsolete to us as it has not changed the basic computing environment from the earlier version. On the other hand, the package is now being marketed by a private company and depending on their future development strategy, the algorithms in CADA could become a vehicle for a state of the art system. We need to explore the future plans of the CADA group before deciding about our own strategy.
The implementation of the Bayesian paradigm for a realistic data analysis would require a variety of numerical integration and approximation routines. The growth of the methodo'ogy and software for this has been phenomenal. But we still have a long way to go for approximation and numerical integration procedures and graphical displays for high dimensional problems.
Several researchers are in the process of developing general purpose software for Bayesian analysis of data from various sampling distributions and models. We must mention the software for Bayesian dynamic linear modeling and forecasting, see, West, Harrison and Migon(1985) and West and Harrison(1986) , which will be an excellent addition to the Bayesian arsenal.
The strategy of writing all Bayesian software in S compatible routines sounds appealing from the point of view of researchers in Statistics departments, where UNIX is slowly becoming a defacto operating system. However, S in not accesssible to a large group of statisticians and other researchers in Business schools,and Economics and Engineering departments. On the other hand, it is wise to develop all new Bayesian software so that it could be incorporated in an already existing and widely acceptable computing environment. Thus one does not have to worrry about developing its data management and graphics capabilities and the students and data analysts do not have to learn yet another system. The only way to develop a quickly acceptable Interactive Bayesian Software Package is to adopt some of the existing main programs and subroutines as modules in some widely used statistics package which is available for mini and micro computers and add more and more modules to it as the new methodology and its software are developed. It is about time that all of us agree on one option. We believe that the most suitable package for this purpose is MINITAB, since it is very widely used for teaching and data analysis for moderate sized data sets. Furthermore, with a proper approach to Minitab Inc., we could receive suitable cooperation from them.
